The increasing prevalence and use of herbal mixtures containing synthetic cannabinoids presents a growing public health concern and legal challenge for society. In contrast to the plant-derived cannabinoids in medical marijuana and other cannabinoid-based therapeutics, the commonly encountered synthetic cannabinoids in these mendaciously labeled products constitute a structurally diverse set of compounds of relatively unknown pharmacology and toxicology. Indeed, the use of these substances has been associated with an alarming number of hospitalizations and emergency room visits. Moreover, there are already several hundred known cannabinoid agonist compounds that could potentially be used for illicit purposes, posing an additional challenge for public health professionals and law enforcement efforts, which often require the detection and identification of the active ingredients for effective treatment or prosecution. A solid-phase microextraction headspace gas chromatography -mass spectrometry method is shown here to allow for rapid and reliable detection and structural identification of many of the synthetic cannabinoid compounds that are currently or could potentially be used in herbal smoking mixtures. This approach provides accelerated analysis and results that distinguish between structural analogs within several classes of cannabinoid compounds, including positional isomers. The analytical results confirm the continued manufacture and distribution of herbal materials with synthetic cannabinoids and provide insight into the manipulation of these products to avoid legal constraints and prosecution.
Introduction
According to the 2010 World Drug Report issued by the United Nations Office on Drugs and Crime (UNODC), between 155 and 250 million people, or 3.5 to 5.7% of the population aged 15 -64, is estimated to have used illicit substances at least once in the previous year. Cannabis users comprise by far the largest number of illicit drug users (129-190 million people), followed by amphetamine-type stimulants, opiates and cocaine. Although these numbers have remained relatively stable over the last decade, the incidence of abuse of "designer drugs," clandestinely produced drugs that are structurally and pharmacologically very similar to a controlled substance but are not themselves controlled substances, has increased (1) . Indeed, the appearance of synthetic cannabinoids marks the latest stage in the development and abuse of controlled substance analogs, the history of which includes the design of fentanyl in the 1980s; the development of the ring-substituted phenethylamines in the late 1980s and the tryptamines in the 1990s; and the piperazines and cathinone derivatives in the 2000s (2) . Smokable herbal mixtures containing non-controlled synthetic cannabinoids have been sold on the Internet and in various retail shops as "Spice" and other misleadingly labeled products since at least 2006. The majority of these products are mixtures of plant/herbal ingredients of varied name and constitution, and little is known about the toxicology of the plant materials purportedly contained in these products (3) . Synthetic cannabinoids that have most commonly been reported to be present in herbal Spice and Spice-like samples include JWH-018, JWH-073, JWH-398, JWH-250, HU-210, and CP-47,497 and its homologues (4 -8) . These and other known and plausible synthetic cannabinoids also have relatively unknown toxicology. Hence, accurate assessment of the potential health risks of these herbal mixtures has become increasingly difficult. Furthermore, although little is known about the prevalence of their use or the extent to which smoking mixtures containing non-controlled synthetic cannabinoids have replaced cannabis in the United States or globally, their prevalence and abuse appears to have significantly increased. In 2009, a survey conducted among 1,463 students aged between 15 and 18 years at schools providing general and vocational training in Frankfurt found that around 6% of respondents reported having used synthetic cannabinoid-containing Spice products at least once (9) . In the US, a survey conducted by the Idaho Hospital Association revealed that of the 20 hospitals polled across the state, 11 had knowledge of the drug and more than 80 cases of suspected synthetic cannabinoid (Spice) overdoses occurred between February and August of 2010 (10) . According to the United States Drug Enforcement Administration (DEA), Office of Diversion Control's special report on synthetic cannabinoid and cathinone data within the National Forensic Laboratory Information System, the incidence of synthetic cannabinoids that were submitted to state and local forensic laboratories rose from 13 to 2,977 cases between the same reporting periods in 2009 to 2010 (11) .
Several forces may exert some control on the continued design, production or abuse of synthetic designer drugs. Demand reduction is obviously one of the most important factors in controlling abuse, which to the clandestine supplier equates to maintenance of user desire and acceptance of the marketed drug. Another important market controlling factor is law enforcement control of their manufacture and distribution. With respect to law enforcement, the status of control measures and regulation against synthetic cannabinoids also varies across the globe. None of the synthetic cannabinoids are under international control by virtue of the UN drug control conventions, but JWH-018, JWH-073, HU-210 and CP 47,497 (together with its C6, C8 and C9 homologues) are scheduled drugs in some Member States. The following countries control Spice and/or other synthetic cannabinoids: Austria, Canada, Chile, Denmark, Germany, Estonia, Finland, France, Ireland, Italy, Japan, Latvia, Lithuania, Luxembourg, New Zealand, Poland, Romania, Russia, South Korea, Sweden, Switzerland and the United Kingdom (12) . In the United States, D 9 -THC and similar forms of synthetic cannabinoids of the "classical cannabinoid" structural motif (HU-210) have been scheduled under federal law for many years. However, in response to the perceived risk associated with these synthetic cannabinoids and herbal products, on November 24, 2010, the United States DEA announced that it intended to use its emergency scheduling authority to temporarily control five synthetic cannabinoids (JWH-018, JWH-073, JWH-200, CP-47,497 and cannabicyclohexanol). This scheduling took effect on March 1, 2011. The DEA clearly considers these, and other synthetic cannabinoids, to be a drug class of concern. Before the action by the DEA, many states had passed acts making it illegal under state law to sell Spice and/or synthetic cannabinoids. Since the DEA edict, other states have also passed or are considering similar legislation (13) . Additional bans in the US are being enacted on city and county levels. There is little doubt that the actions of the UN member states, the DEA, and other regulatory agencies will reduce access to these synthetic cannabinoids in herbal formulations, and may dramatically impact their abuse. However, there are hundreds of compounds with cannabinoid receptor affinity and activity, in several chemical classes (14 -17) , and it is likely that new substances will continue to appear in various formulations for illicit use. This large array of possible compounds presents a constant challenge for the forensic and toxicological identification of new substances that is needed for the prompt assessment of risk and, where necessary, implementation of control measures by both public health and law enforcement agencies.
To analyze commercially available herbal formulations sold as incense, but suspected to contain synthetic cannabinoids, various researchers have developed and applied chromatographic methods and mass spectrometry. Dresen et al. and Uchiyama et al. have used gas chromatographs coupled to mass spectrometers (GC -MS) in electron ionization mode to identify synthetic cannabinoids in extracts of herbal products, while Hudson et al. and Uchiyama et al. also performed analysis of herbal extracts with liquid chromatography -mass spectrometry (LC -MS) (5, 7, 8, 18) . These methods have allowed for the qualitative identification of numerous synthetic cannabinoids in herbal product matrices. Each of these methods used an extraction step to isolate the analytes of interest followed by concentration before analysis.
In an effort to develop rapid methods to characterize herbal formulations, an automated headspace solid-phase microextraction and gas chromatography -mass spectrometry (HS-SPME-GC -MS) method was developed. The analytical approach allows for the detection of JWH-018, JWH-073 and other synthetic cannabinoid analogs from small quantities of materials ( 50 mg) without requiring extraction, concentration or derivatization. Analysis of over 20 products, obtained from retail stores in the Raleigh, Durham and Chapel Hill areas of North Carolina, revealed the presence of at least one synthetic cannabinoid in each product. Several products had two or more analogs, and some products appeared to have more uncommon or previously unreported active compounds present. The results described here provide evidence to support the SPME-GC -MS approach as an effective means for the rapid analysis, detection and mass spectral confirmation of synthetic cannabinoids in both bulk drug substance and herbal formulations. This method was used to analyze products obtained before and after the DEA's emergency scheduling control of five commonly encountered synthetic cannabinoids. The results show that the legislation has not prevented manufacturers or distributers from dispensing these newly controlled chemicals; however, the use of new cannabinoids in these herbal formulations was also observed. In addition to the analysis of herbal products, over 20 synthetic cannabinoid standards were analyzed to confirm the structural identification of the synthetic cannabinoid compounds detected in the herbal products based on both retention time and mass spectrum. Finally, the gas chromatograms and mass spectra for both the herbal products and the synthetic cannabinoid standards have been submitted to a publically available spectral database (www.forensicdb.org) for future use by the scientific community. The further adoption and continued application of the described method for rapid analysis and identification of synthetic cannabinoid-containing formulations, and the expansion of the spectral information that this method has allowed to be made publically available to date, should prove useful for forensic and special testing laboratories in identifying previously described and novel synthetic cannabinoids in bulk substances and herbal formulations. In turn, these efforts will enable the scientific community to better address the intent of our society's legislation and the effectiveness of the concomitant law enforcement efforts. Herbal products were purchased in convenience stores and various commercial venues in the Raleigh, Durham and Chapel Hill area.
Standard and sample preparations
Herbal samples were prepared by accurately weighing approximately 50 mg of each sample into individual 10 mL headspace vials and then spiking each with a 20 uL aliquot of a 2,6-dichlorotoluene internal standard solution (0.1 mg/mL solution in methanol). The vials were capped with 20-mm magnetic crimp seal caps with PTFE/silicone septa (Restek; Bellefonte, PA) before analysis.
Standard synthetic cannabinoid samples for SPME-HS-GC-MS analysis were prepared by diluting the synthetic cannabinoid standards to a final concentration of 1 mg/mL in ethanol. Sonication was used to aid in the dissolution. A 20-mL aliquot of each standard solution was then removed and added directly to individual 10-mL headspace vials and dried in a TurboVap LV evaporation system (Caliper LifeSciences; Hopkinton, MA) until dry. The vials were capped as described previously and subsequently analyzed.
HS-SPME-GC-MS An Agilent 6890 Plus gas chromatograph coupled to a 5973 MSD mass selective detector (Agilent Technologies; Santa Clara, CA) was used for all analysis. A CTC analytics combipal autosampler fitted with a SPME sampling system (Leap Technologies; Carrboro, NC) was used to extract and inject all samples. The SPME system consisted of an SPME fiber holder, a fiber conditioning station and a sample incubation block capable of heating and agitation of the sample. A stableflex 23-gauge 85-mm carboxen/polydimethylsiloxane (CAR/PDMS) SPME fiber was used for the analysis (Supelco; Bellefonte, PA). The autosampler was controlled by Pal (firmware version 2.5.2) software (Leap Technologies).
Samples were incubated at 2008C with pulse-agitation at 250 rpm (cycles of 5 s on, 2 s off ). After one minute of sample equilibration, the SPME fiber was inserted and exposed to the sample headspace for five minutes of incubation. The fiber was then injected into the GC inlet for 15 min to desorb the analytes, and then allowed to condition for 5 min before the following injection.
An Agilent DB-5MS capillary column (30 m Â 0.25 mm Â 0.25 mm, Agilent Technologies) was used for separation with a helium carrier gas flowing at 1.0 mL/min. A split injection ratio of 1:50 was used at 3008C. The oven temperature program consisted of a one minute hold at 408C, followed by a 108C/min ramp to 3008C, a 9 min hold at 3008C, a 158C/min ramp to 3258C and then a one minute hold. The MSD transfer line heater was set to 3008C. The temperatures of the quadrupole and the ion source were 150 and 2308C, respectively. The duration of each run was 38.67 min. The analytes were detected after electron impact ionization (70 eV) in the SCAN-mode from m/z 50 to 550.
Data analysis
All GC -MS data acquisition and analysis was performed using the enhanced MS Chemstation G1701BA versions B.01.00 software (Agilent Technologies, 1998) and E.02.01.1177 (Agilent Technologies, 2010). Samples were analyzed to obtain retention time and mass spectra for analytes of interest to appropriately identify each analyte. Active compounds found in the samples were identified based on the spectra and retention times of the standards.
Results and Discussion
The SPME-HS-GC -MS analysis of synthetic cannabinoid standards revealed that most of the commonly encountered cannabinoids in the herbal products were volatilized, absorbed onto the SPME fiber, desorbed in the GC injection port, chromatographically resolved and detected reliably, with very little indication of degradation (Table I ). The direct SPME from the headspace produced by heating as little as 20 mg of a synthetic cannabinoid standard, including JWH-018, JWH-073, CP-55,940, CP-47,497 (and its octyl analog), HU-308, HU-331, and several other JWH analogs using the SPME method produced intense chromatographic peaks. The high resolution of the capillary chromatography resulted in baseline separation and unique retention times for all of the isobaric synthetic cannabinoid standards analyzed. This is an important consideration in the present work, because most of the synthetic cannabinoids encountered in these herbal products have positional isomers that are relatively indistinguishable from each other based on their mass spectrum alone, but are able to be differentiated based on capillary gas chromatographic retention time. In addition, all of the analytes were baseline separated and well resolved from each other, with the exception of CP-55,940 and JWH-302, which only differed by 0.08 min in retention time (Table I) . Nevertheless, these two compounds are clearly differentiated by their different molecular ions and fragmentation patterns. Hence, suspected synthetic cannabinoid compounds present in the herbal products were identified based on consistencies between both retention time and mass spectrum when compared to those obtained from the analysis of standards, as well as agreement between compound mass spectrum and published structure. This method of analysis, using retention time with mass spectral data, can help to identify both compounds that have been explicitly banned by the DEA along with their structural analogs that are not, which is important given what appears to be the recent migration by herbal product manufacturers away from the use of compounds specifically banned by the DEA to other synthetic analogs that may delay or confound detection.
During the analysis of herbal products, the most intense chromatographic peaks were most often found to correspond to synthetic cannabinoid compounds. Although this has implications regarding the relative abundance and volatility of the synthetic cannabinoid analogs in and between the various herbal samples, it also indicates that the choice of SPME fiber material was appropriate for the type of analyses conducted. SPME has previously been shown to discriminate during adsorption between different molecules based on size and affinity to the fiber material (19) . This discrimination is often also the means used to concentrate the analytes relative to the matrix. Thus, these data and other data obtained in our laboratory by LC-MS and other analytical approaches (data not shown) suggest that the synthetic cannabinoid compounds are present in considerable quantity and are readily volatilized or extracted from the herbal material. Previously reported methods of sample preparation such as that of Dresen (5), or the LC-MS method provided by Hudson (18) , involve a solvent extraction step entailing a vortexing or sonicating period. Although these extractions are relatively simple, when compared to the automated SPME fiber, they require solvents for extraction and additional efforts to purify and concentrate the sample before delivery to the GC-inlet. In contrast, SPME provides the ability to extract volatile analytes from the headspace vapors produced simply by heating a complex solid sample, thereby In all of the 31 herbal products tested, active synthetic cannabinoids were readily detected (for example, see Figure 1 ). In this particular herbal product (K2 Summit), the most intense peak, at a retention time of 31.3 min, was identified as JWH-018 based on its mass spectrum ( Figure 2 ) and retention time match to a synthetic JWH-018 standard. Fifteen products were found to contain a single synthetic cannabinoid (Table II) . JWH-018, a compound previously reported to be present in numerous herbal products (5, 6, 8, 18) , was the analyte most often detected during this analysis; being present in 23 of 31 products sampled. The prevalence of JWH-018 in herbal products is corroborated by previous analyses, including those reported by Hudson et al., as is the occurrence of multiple compounds in certain products (18) . Other previously reported synthetic cannabinoids detected in this analysis include JWH-073, JWH-019 and JWH-081. Interestingly, JWH-073 is often found in combination with JWH-018 ( Figures 3 and 4) , and is seldom present alone in herbal products, suggesting that these analogs are most commonly available for use, or that the combination of these active cannabimimetic analogs affords some advantage to the formulation, such as a pharmacological property of preference to the consumer.
JWH-250 is another synthetic indole cannabinoid that has previously been reported as a constituent in Spice products (5) , and was also determined to be present in many of our samples. JWH-250 was found in seven out of 31 herbal products. This compound was the second most abundant psychoactive constituent found in our analyses, which is in contrast to previous reports of the synthetic cannabinoids found in herbal products, where JWH-250 was not as prevalent (17) . This may reflect the recent DEA scheduling of JWH-018 and JWH-073, which did not specifically mention JWH-250, leading to a switch to this cannabinoid compound as an effort to avoid detection and law enforcement. Indeed, the mass spectrum of JWH-250 ( Figure 5 ) is substantially different from JWH-073 and JWH-018 due to the added methylene group between the two ring systems (compare the structures and spectra presented in Figures 2, 4 and 5). Another indole cannabimimetic compound was detected in an herbal formulation, JWH-019, but failed to follow the trend of producing an intense chromatographic signal. The spectrum was determined to be a match to a synthetic standard with respect to retention time and mass spectrum, but the peak was barely distinguishable in the gas chromatogram of the herbal product. This suggests that JWH-019 was present at a relatively low concentration in this herbal product or sample aliquot, or that it was less efficiently extracted from this material using the SPME technique. However, the presence of this compound was confirmed with data from a second study using high-resolution LC-MS (data not shown), where the compound appeared to be present in relatively high concentrations. A tentative conclusion, based on our ability to detect JWH-019 easily in a SPME analysis of the synthetic standard, is that heterogeneity in the product manufacture may result in varied concentration across the herbal material, which is consistent with variation noted across packages of the same material (20) . Finally, in cases in which more than one type or flavor of herbal product was analyzed from the same brand, it was observed that the active constituents and their relative proportions often remain quite similar.
For example, all products tested from the Happy Shaman Herbs product line except one contained JWH-073 and JWH-018 (see Table I ). Similarly, all products from the Meditation brand contained JWH-081 and JWH-250. Spice99 was also noted as the only brand that we sampled that contained the AM (i.e., AM-694) class of compounds. While varying other aspects of their products, this consistency suggests that brands or manufacturers may attempt to establish a means to recognize or differentiate their products by the mixture of cannabinoids present within them. AM-694 was detected in our analysis of both Spice99 Bad 2 the Bone (cinnamon) and Spice99 Stinger, samples from before and after the DEA legislation took effect, respectively. The identity of this compound eluded identification for some time, as we analyzed JWH compounds with the same nominal mass, such as JWH-363, JWH-348 and JWH-372, and found that their mass spectra did not match the peaks in our herbal product samples. Further analysis of additional synthetic cannabinoids allowed us to arrive at the identification of AM-694 ( Figure 6 ). This identification has been confirmed through analysis of a synthetic standard, and is consistent with the observation that AM-694 has been previously reported in European samples (4) . The herbal products obtained after the DEA ban of five synthetic cannabinoids show both an unexpected continuation in the use of DEA Schedule I controlled substances, along with new active substances, indicating that some manufacturers are modifying their products to attempt to continue to supply illicit user demand in light of new legal constraints and law enforcement activities. For example, Kush, a product from Purple Puff, was shown to contain JWH-018. This may indicate that some producers of herbal smoke products are reluctant to move away from the use of existing supplies, or an available supply of a now illegal compound. However, three other samples analyzed after the ban (Spice99's Stinger, GI Joe and GI Jane) also contained what appear to be new or rarely encountered components in herbal smoking blends, such as WIN-48,098 ( pravadoline, see Figure 7 ). Pravadoline was developed originally as an analgesic, but was later found to have cannabimimetic properties and is considered to be a predecessor of the well known WIN-55,212-2. In addition, the herbal product Head Funk was found to contain what appears to be AM-2201 based on GC -MS ( Figure 8 ) and high resolution LC-quadrupole time-of-flight analysis (data not shown). The putative identification of AM-2201 in this herbal product is also consistent with previous published mass spectral information identifying AM-2201 in samples obtained from the internet (21) .
The absence of CP-47,497 and its side chain analogs is notable. Hudson et al. were able to detect these compounds more frequently in their herbal product samples than any other synthetic cannabinoid (18) . The high frequency with which these compounds have been reported may have contributed to the reasoning used by the DEA when choosing which compounds to place on schedule in March of 2011, because CP-47,497 and its homologs were specifically scheduled. Because all herbal samples found to contain CP-47,497 were purchased before the DEA ban, and subsequently no herbal product has been found to contain this psychoactive Figure 6 . Mass spectrum recorded for the peak eluting at 29.9 min in the total ion chromatogram obtained during the analysis of the herbal product Spice99 Stinger. This constituent was determined to be AM-694 based on comparison to the retention time and mass spectrum recorded for a synthetic standard. The structure of AM-694 is provided in the figure for reference. ingredient, it again suggests that these products are being specifically designed with the legality and policing of synthetic cannabinoids in mind. Indeed, we have also noted that once the US states and federal agencies began to identify and ban or schedule specific substances, the prevalence of the prohibited substances decreased and new analogs began to appear and become more prevalent. Finally, it is important to emphasize that all of our spectral data, including ongoing analytical efforts, are available online at www.forensicdb.org. This database provides a searchable, publicly available cheminformatic library that allows online users to compare and search for spectra to aid in the identification of synthetic cannabinoids and other compounds of interest in herbal products and other items of interest to the health sciences, drug enforcement and regulatory agencies, and law enforcement efforts.
Conclusions
A novel SPME-HS-GC-MS method for the qualitative analysis of cannabinoid compounds in herbal products was developed and shown to be effective for the detection and identification of a wide variety of synthetic cannabinoids in several structural classes, in both a neat standard form as well as in herbal Mass spectrum recorded for the peak eluting at 34.3 min in the total ion chromatogram obtained during the analysis of the herbal product Spice99 Stinger. This constituent was determined to be pravadoline based on comparison to the retention time and mass spectrum recorded for a synthetic standard. The structure of pravadoline is provided in the figure for reference.
product matrices. The analysis of more than 25 herbal products with this method identified several active compounds, some previously reported such as JWH-073, 019, 018 and 081, and newer constituents such as AM-694 and WIN-48,098 ( pravadoline). It is clear that although the use of JWH-018 and illegal compounds in herbal products has continued after the DEA ban, manufacturers of these products are pursuing modifications and innovations to the chemical constituents in an attempt to elude detection, identification and law enforcement. The SPME-HS-GC-MS method provides sufficient resolution to discriminate between many of the positional isomers in the various series of synthetic cannabinoids, which could also be employed by manufacturers to evade detection and legal prosecution. The minimization of sample preparation inherent in SPME analysis allows for ease and rapid access to the analysis of the herbal products and synthetic cannabinoids, of particular interest to the forensic and toxicological communities.
The increasing popularity and availability of synthetic cannabinoids and herbal formulations is cause for considerable public concern. For this reason, the implementation of control actions and enforcement by regulatory authorities, and the demand for scientific investigation of these synthetic cannabinoids and herbal products, has intensified. These pharmacological and toxicological studies and regulatory control actions require the development of sophisticated analytical methods that are able to readily sample a variety of complex products, bulk chemical samples or biological matrices, while providing reliable and robust separation and discrimination of their illicit chemical constituents. Finally, the application of these analytical approaches and the interpretation of their results are further supported by the inclusion of the data into publically available analytical databases, such as those described here.
